INTRODUCTION

Clinical relevance
The number of people suffering from musculo-skeletal complaints, such as low back pain, is huge. Orthopedic physicians and physiotherapists are required to analyze a variety of movements to examine the progression and response to treatment of various disorders. Therefore, an objective measurement tool is required to provide the medical examiner or the physiotherapist with clinically relevant data. Innovation Standard diagnosis methods consist of relatively expensive procedures (e.g. CT scans), involve potentially harmful ionizing radiation, or require expert operator interaction (e.g. 3D motion analysis based on marker tracing). Furthermore, most of these methods do not perform dynamic measurements. The validated technique described in this paper offers functional analysis capacities by measuring body surfaces in a contactfree and dynamical way, and by reconstructing internal anatomical structures based on biomechanical modeling.
MATERIALS AND METHODS White light raster line triangulation
White light raster line triangulation (WLRT) enables the time-dependent three-dimensional (4D) scanning of objects by projecting raster lines on its surface and by capturing these lines under a known and fixed angle with a camera. Based on triangulation algorithms, 4D co-ordinates are calculated. 
Active contour models
The technique of active contour modeling (ACM) defines a specific (mathematical) cost in such a way that a minimization of the cost leads to an optimal recognition of underlying skeletal structures, e.g. the shape of the spine. The cost of an ACM comprises two parts: an external part (guiding the contour to a minimal cost position on the body surface) and an internal part (imposing biomechanical constraints). Active shape models (ASM) are active contours that are only able to deform in ways characteristic of the class of objects they represent [1] . An ASM is built by learning patterns of variability from a training set of correctly labeled points, e.g. the positions of anatomical landmarks. Next to these models, parameterized inverse kinematical models (PIKM) are used to calculate the movement of complex structures, such as the shoulder.
RESULTS
Example 1: Pelvis and spine motion during stepping ASM's were derived to locate anatomical landmarks corresponding to the vertebra prominens (VP), the posterior superior iliac spines (PSIS) on the pelvic bone (os ilium) and the sacrum point (at the beginning of the rimi ani, SP). A dedicated ASM was derived for a stepping motion; figure 2 shows the resulting landmarks for 3 time frames. The ACM used for the detection of the line through the spinous processes makes use of an asymmetry function, surface curvatures, and bending and torsion conditions. Based on the ACM (see figure 2 ) the internal spine is reconstructed. Figure 2 : detection of pelvis and the line through the spinous processes Example 2: scapula motion during arm abduction When one image in a dynamic sequence does not provide the necessary information for building ACM's and/or ASM's (e.g. to detect anatomical landmarks) the information is updated with the prediction of a PIKM, e.g. of the shoulder (see figure 3) , which is based on standard motions. 
DISCUSSION
The open structure of the models allows the addition of specific biomechanical constraints, e.g. to examine specific etiological phenomena. In case of scoliosis research, for example, an extra cost is added, describing the observed relation between the lateral deviation and the axial rotation of the vertebrae. The uniqueness of the presented system makes it difficult to compare the results in 4D. However, for static purposes, the accuracy of the position of the internal skeletal structure of the spine has been validated using radiographic scans [2, 3] : an accuracy of 1.3 (+/-1 mm) is obtained for the anatomical landmarks, and the position of the center of the vertebrae is reconstructed with an accuracy of 3.9 mm. The main cause for the errors is the algorithmic estimation of the internal musculo-skeletal structures. Next to these validated applications for the spine, shoulder measurements are currently being evaluated clinically, and lower limb applications are under development. The contact-free 4D measurement, combined with the automatic detection of anatomical landmarks and the reconstruction of skeletal structures, makes the system unique. The measuring system can be used for a wide range of orthopedic applications.
